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ALTERNATIVE  MAGNETOMETERS 

•  Variometer 

Rotation  of  a  suspended  magnet 
10  THz  zero  frequency 

•  Fluxgate  THz-i/2  dq  to  kHz 

•  Induction  Coil 

10  cm  long,  10  cm  diameter 

10-13  THz-V2  at  10  Hz  at  room  temperature 
10-13  THz-i/2  at  4  K 

•  Magnetic  resonance  magnetometers 

•  Hall  effect 

•  Optical  fiber 

•  SQUID  10-14  THz-1/2  DC  to  lO’s  of  kHz 


“Magnetic  quantities,  units, 
merman,  in  Biomagnetism: 
G.L.  Romani,  L.  Kaufman 
York,  1982)  pp.  17-42. 


materials  and  measurements,”  J.E.  Zim- 
an  Interdisciplinary  Approach,  S.  J.  Willia 
,  and  I.  Modena,  Eds.,  (Plenum,  New 
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Do  Use  a  SQUID  When 
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Magnetic  Fields 
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Earthfield 


Urban  noise 
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Transistor, 
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Transistor  die 
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Human  heart 
Skeletal  muscles 

Fetal  heart 
Human  eye 


Human  brain  (a) 


Human  brain 
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instrum. 

resolution 


I  Flux  gate 

magnetometers 


■  Optically  pumped 
magnetometers 


I  SQUID 

magnetometers 


Car  .  IO’^pTW 

PacKaoftd  IC  Oo  or  irartsaor  ■  ic7  pT.onS 

Screwdn,©?  «  lO^  dT 

IC  <?io  Of  trariaaof  die  -  5  xiO^  pT.<rr^ 

CTF  SYSTEmS  IFTC. 

1282-JV.May95 


S  QUIDS 


Principles  and  applications  of  SQUIDS  ” 
77:  1208-1223. 


J.  Clarke,  Proc. 


IEEE 


MAGNETOMETERS 


flux-locked  squid 


•  Single  loop 

•  Multiple  turns 

•  Field  sensitivity  proportional  to  coil  area 

•  Sensitive  to  noise 

•  Sensitive  to  tilt  in  Earth’s  field 

“Principles  and  applications  of  SQUIDS,”  J.  Clarke,  Proc  IEEE 
77:  1208-1223. 


ENVIRONMENTAL  NOISE 


G.L.  Romani,  S.J.  Williamson,  and  L.  Kaufman,  Review 
of  Sci.  Instru.j  53:  1815  (1982) 


GRADIOMETERS 


•  Can  be  balanced  to  1  part  in  10^ 

•  Insensitive  to  distant  noise  sources 

•  Insensitive  to  tilt  in  uniform  fields 

•  Energy  wasted  in  balance  coils 


Optimization  of  SQUID  Differential  Magnetometers,”  J.P.  Wikswo, 
Jr.,  AIP  Conf.  Proc.,  44:  145-149  (1978). 


A2001-327.  Rev. 


SQUID  DEWAR  DESIGN 


“Ci-yogenics,”  J.E.  Zimmerman,  in  Biomagnetism:  an  Interdisci¬ 
plinary  Approach,  S.J.  Williamson,  G.L.  Romani,  L.  Kau&nan,  and 
I.  Modena,  Eds.,  (Plenum,  New  York,  1982)  pp.  44-67. 


MCG  Using  HTS  And  LTS  Magnetometer  SQUID 

Inside  A  Shielded  Room  (Courtesy  PTB  Berlin) 
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(a) 


AI  bottom  sheet. 
0.008"  thick. 
1100-H18  alloy. 


1/16"  AJ  rivets, 
type  1100-F, 
flush  with  surface. 


Al  top  sheet, 
0.008"  thick, 
1100-H18aUov. 


Top  sheet 


Rivet  ends 


Bottom  sheet 


Al  support  strut,  allov 
2024-T3,  0.032"  thick 


(b) 


Parallel  crack 


45°  crack 


SAMPLE  CONRCURATION 

(a)  The  top  and  side  views  of  a  model  aluminum  wing  lap  joint  assembly,  (b)  A 
schematic  of  the  lower  aluminum  sheet  with  a  crack  parallel  to  the  lap  joint  and 
(c)  the  lower  aluminum  sheet  with  a  crack  at  45°  to  the  lap  joint. 


Figure  3. 
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Magnetic  Detection  First  Shown  in  Animals 

“Estimation  of  Hepatic  Iron  Stores  by  In-Vivo  Measurement  of  Magnetic  Susceptibility" 

John  H.  Bauman  and  John  W.  Harris,  The  Journal  of  Laboratory  and  Clinical  Medicine,  70,  246  -  257  (1967) 
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The  SQUID  Magnetometer 
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Measurement  Protocol 
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G.  M.  Brittenham  etal,  “Magnetic-Susceptibility  of  Human  Iron  Stores”,  New  England  Journal  of  Medicine  3  07  1671  (1982) 
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Comparison  of  hepatic  iron  concentration  as  determined  by  magnetic  susceptometry  and  by  chemical  analysis 
of  liver  tissue  obtained  by  clinically  indicated  biopsy.  Magnetic  and  biochemical  measurements  were  made 
within  1  month;  patients  with  cirrhosis  or  with  biopsy  specimens  less  than  5  mg,  wet  weight,  were  excluded.. 
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Issues  That  Must  Be  Solved  For  Any  Biomagnetic 
Measurement  System  to  Gain  Market  Acceptance 
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The  Basic  Instrument 
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Signal  amplitude  [pT]  . 
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An  example  of  a  real-time  MCG-measurement  with  the  flip-chip 

magnetometer. 


Forschunqszentrum  Julich 


Dr.M.I.Faley 

IMF-IFF 


Sensor  head  for  a  DC-SQUID  microscope 


dc  Voltage 


dc  Resistance 


ac  Resistance/Inductance  Bridge 


ac  Bridge 

1 - - 1 

iij 

p- SU 

ac  Mutual  Inductance 
(Susceptibility  Bridge) 

Applications 


•  Laboratory 


Ammeter: 

10-i2ampere/VHz 

Voltmeter; 

lO-i^volt 

Ohmmeter: 

10-12  Q 

Mutual/Self  Inductance: 

10-12  henry 

Magnetic  Susceptibility: 

1 0-10  emu  &  single  electron  spins 

Magnetic  Fields: 

10-i5tesla/vHz 

Nuclear  Magnetic  Resonance 

*  Geophysical 

Oil  Exploration 

Airborne  Exploration  Systems 
Oceanographic  Measurements 

*  Biomedical 

Studies  of  the  Brain— Neuromagnetism 
Studies  of  the  Heart— MagnetoCardiography 
Liver,  Lung,  Intestines,  other  biological  activity 

*  NDE 

Defect  Detection  in  Ferrous  and  Non-Ferrous  Metals 
Insulating  Material  Analysis 
Infrastructure  (Bridges,  Runways,  Buildings) 
Aerospace 

Magnetic  Microscopy 

>  Military 

Mine  Detection  and  Unexploded  Ordinance  (UXO) 
Submarine  Communication  and  Detection 

*  non-SQUiD  Electronics  (but  interesting) 

Digital  switching 
Cellular  filters 

NMR  and  MRI  receiver  coils 
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Environmental  Noise 
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Forschungszentrum  Juiich 

HTS  DC-SQUID  flip-chip  magnetometers 


Multilayer  flux  transformer  on  10  mm  x  10  mm  SrTiOs  substrate 
and  encapsulated  dc-SQUID  magnetometers.  The  magnetometers 
are  fixed  on  standard  dc-SQUID  packages  (axial  and  90°) 
designed  for  operation  together  with  iMAG  electronics. 


Field  noise,  pT/Hz 


Forschunqszentrum  Julich 


Dr.M.LFaley 

IMF-IFF 


HTS  DC-SQUID  flip-chip  magnetometers 


An  example  of  a  noise  measurement  with  the  flip-chip 
magnetometer,  having  a  8  mm  x  8  mm  pick-up  loop  of  the  flux 
transformer,  measured  inside  a  four  layers  p-metal  shield. 
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•Performance  Requirements  for 
SQUID  Magnetometers 

•History  of  LTS  SQUID  Uses  in 
Geophysics 

•Status  of  HTS  SQUID  Develop¬ 
ments,  rf  and  dc  Magnetometers 


•HTS  SQUID  Field  Data 
•Conclusions  &  Outlook 


Forschungszentrum  Juiich 


Principle  of  EM  Methods  in  Geophysics 

target  parameter:  electrical  ground  conductivity 

distinguish  geological  structures 
by  differences  in  conductivity 


skin  depth  z 


a  =  conductivity;  f  =  frequency 


GEOprincase.odf 
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Application  of  Electromagnetic  Methods 
for  Geological  Investigations 


T.  Radic,  TU  Berlin 


GEOanwMCcdr 


Electromagnetic  Methods  of 
Geophysical  Sounding 

Time  Domain: 

*  Transient  Electromagnetic 
Method  (TEM) 

*  Long-Offset  TEM  (LOTEM) 

Frequency  Domain: 

*  Magnetotelluric  (MT,  AMT) 

*  Controlled-Source  MT,  AMT 
(CSMT,  CSAMT) 

*  Very  Low  Radio  Frequency 
Resistivity  (VLF-R) 

*  Radiomagnetic  Sounding  (RMS) 


Magnetotellurics 

•Natural  or  controlled  source  EM 
excitation,  from  10'^  to  >  10^  Hz 

•Determine  at  earth  surface: 

Zxy(co)  =  }IoliEx((D)/By(®) 

•For  a  homogeneous  earth: 

Pxy  =  l/PoP-®  I  Zxy(®)  I  ^ 

•For  inhomogeneous  subsoil  one  can 
use  the  apparent  resistivity  Pa((o): 

pa  w  0.2t  [Ex/Hy]^ 

where:  Pa  [O],  t  [sec],  [mV/km],  Hy[nT] 

•Depth  of  penetration: 

P  «  1/271(1  Opat)^^^ 


Recording  Truck 


Principle  of  Transient  Electromagnetics  (TEM) 
Measurements  in  Geophysics 


primary  signal 


transmitter  coil 


acquisitions  unit 
+  transmitter 


OSO^Ti 


Electromagnetic  methods  in  Applied 


Possible  Applications  of 
SQUID  in  Geomagnetism 

•Paleomagnetism  (Rock  Sample 
Magnetometry) 

•Prospecting/Surveying  for  Ore, 
Coal,  etc.  Deposits 

•Prospecting  for  Oil  Deposits 

•Exploration  for  Geothermal  Energy 

•Small-Area  Prospecting  for  Water, 
Buried  Waste,  Archeological 
Objects 

•Volcanic  Eruption  and  Earthquake 
Prediction 


•Fluid  Interface  Detection 


Source: 


Society  of  Exploration  Physicists 
P.O.Box  702740,  Tulsa  Oklahoma  74170-2740 


Advantages  of  HTS  SQUIDs 
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Objective: 

Improve  portability,  versatility,  also 
attain  mobility,  beyond  limitations  of 
conventional  induction  coil  equipment, 
but  without  sacrificing  and  possibly 
improving  sensitivity  of  detection 


EM  Methods  Investigated: 


•  Transient  EM  (time  domain) 

•Controlled-source  audio 
magnetotellurics  (frequency  domain) 

•Radiometric  detection  of  water  & 
environmental  waste 
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Project  Supported  by  German  Government  (BMBF) 


Objectives: 

Development  of  a 
compact,  broadband 
vector  magnetometer 

Demonstration  of 

geophysical 

exploration 
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Sensor  Set-up  of 

HTS  rf  SQUID  Vector  Magnetometer 


.  a.Smm 


•  sensor:  rf  washer  SQUID  and  coplanar 

resonator  in  flip-chip  configuration 


SQUID: 

-  YBCO  washer: 

-  loop: 

-  junction  type: 

-  junction  width: 


0  =  3,5mm 

100  X  100  pm^,  10  X  500  pm^ 
step  edge  junction 
4  pm 


resonator: 

-  coplanar:  0  =  8mm  on  Icm^  substrate 

-  frequency:  650  MHz  -  1  GHz 


-dBm  = 


3,9  nT/Oo  ,  2,7  nT/Oo 


GE03ctM«>OMiteK.cdr 


Forschungszentrum  Julich. 


Sensor  Module  of  HTSrf  SQUID 
Vector  Magnetometer  [YBCO] 


GEOengmodul2asc.cdr 
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3-axis  HTS  rf  SQUID  Vector  Magnetometer 

Field  Trial  at  Erbendorf,  Oberpfalz 


TEM  Survey  with  SQUID  System 

Cloncurry,  Australia,  October  1998 
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Characteristics  of 


HTS  rf  SQUID  Vector  Magnetometer 


orthogonal,  capsulated 
do  -  20  kHz 
>  130  dB 

~  2mT/s  [~  5x10®  (jo/sJ 
<  0.5  % 

>30h 


•  fiekl  reso(ii<tion: 

white  noise  40  fT/^jHz  [typical] 

1/f-  onset  @  100  Hz  [best  channel] 


=>  Requirements  for  TEM  fulfilled 

=>  Stable  operation  of  all  3  channels  in 
urban  environment  proved 


sensor  set  up: 

bandwidth: 

dynamic  range: 

slew  rate: 

cross  talk: 

hold  time  of  dewar: 

implemented  heater 


GE03chnk«ng^rMCxdr 


Noise  Spectra  of  Vector  Magnetometer  (Z-channel) 
in  and  Outside  Magnetic  Shielding 

1/f-onset  @  ~  7  Hz  in  shielding 

@  ~  1 00  Hz  outside  shielding 


o 


100  1000  10000 
Frequency  [Hz] 


Noise  Spectra  of  Vector  Magnetometer 
Inside  3-layer  p-metal  Shielding 


Frequency  [Hz] 


Performance  of  Heater: 


Flux  noise  [)li(|)o/VHz] 
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Geophysical  Transient  Electromagnetics  (TEM)  Measurements: 

Advantage  HTS  rf  SQUID  over  Coil  for  Late  Times 


[V/AT^]  apntndujv 


-^9  ms  115  ms 

280m  depth)  (~1000  m  depth) 


Ad  van 


[V/AT^]  epniilduiv 
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Geophysical  Transient  Electromagnetics,  Measured  at  Martinsbuttel,  Germany 

HTS  SQUID  Provides  Better  SNR  Than  Conventional  Coil 


10  ms  170  ms 

(~  290m  depth)  (-1200  m  depth) 


Correlation  SQUID  -  Coil  for  Late  Times 
SQUID  Provides  Better  SNR  Than  Coil 


[V/Ai^J  apnjHdLuv 


Time  [ms] 


[V/AT^]  9pni!|duJV 


Time  [ms] 


station  7  of  TEM  Profile,  Northern  China,  01.11.98 


[V/AUi]  06b;ioa 


SQUID-LOTEM  Profile  above 

Geological  Structure  in  Northern  China 
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Radiomagnetic  Sounding 

•Above  100  kHz,  Ex  difficult  to  meas¬ 
ure  (sensor  dimensions  comp,  to  8) 

•Measure  B  gradient  instead: 

Curl  B(®)  =  |Lio|ii(l/pa  -  jo)s)E(®) 

•When  p  <  100  Qcm,  f  <  1  -  2  MHz,  jcos  is 
negligible,  and  we  have: 

Zxy(o))  =  -p*/Az(ABy(a))/By  (o)) 

(with  ABy,  p*  just  below  surface,  Az 

«8) 

•For  homogeneous  earth  (p  =  p*): 

I  ABy(©)/By  (®)  I  =  2^^^Az/8 

=>  I  ABy|  =  8-800fr 
for 

By  I  =  1  -  100  pT 


Drung,  Radic  et  aL,  IEEE  Trans.  Appl.  Supercond.  7, 3283  (1997) 
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Main  Noise  Sources  in  TEM 
Determining  SNR 


1.  intrinsic  noise  of  sensor 


2.  External  disturbances: 

•  high  frequency  |>20l(Hz  -  GHz] 

radio  /  TV  transmitter,  mobile  phones 

=>  directiy  affect  SQUID’S  operation 

•  iow  frequency  [dc  -  20kHz] 

-  wind  noise  (vibrations) 

-  LF  drifts  of  earth’s  magnetic  field  (~0,3nT/min) 

-  cultural  noise  (16%Hz,  50Hz) 

-  sferics 


GEOnc^saTEM_aae.cdr 
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2.  Intrinsic  noise  of  sensor 
determining  SNR 

Increased  LF  excess  noise 
outside  magnetic  shielding. 

Reasons: 

•  Penetration  of  flux  into  junction: 

suppression  and  fluctuation  of  critical  current 

possible  solution:  narrow  junction 


ThermaHy  activated  hopping 
of  fiux  vortices  in  YBCO  film 

possible  solutions: 

-  high  quality  YBCO  film 

-  narrow  line  width  of  SQUID’s  structure  (w<7uOo/4Bearth) 

-  pinning  centres  (antidots) 

GEOnoi»TEM3_Mcedr 


Conclusions 


©The  usefulness  of  SQUID  in  geophysics 
was  convincingly  demonstrated  with 
LTS  SQUID,  but  LHe  cooling  was 
prohibitive;  LN2  is  not 

•Recent  field  tests  using  HTS  SQUID 
demonstrators  have  been  confirming 
their  potential  in  TEM  and  RMS 

•Further  reduction  of  HTS  SQUID  low- 
frequency  noise  is  required,  especially 
for  use  in  magnetotellurics 

•  Also  required  is  ruggerizing  & 
automating  of  SQUID  systems,  long 
cryogen  hold  time,  cryocoolers, 
borehole-compatible  systems 

•There  is  potential  in  HTS  SQUID  use 
for  prediction  of  earthquakes  and  vol¬ 
cano  eruptions  (and  other) 


Outlook 


•Existing  interest  of  industry  and 
users  should  lead  to  commercial 
availability  of  HTS  SQUID  systems 
for  TEM  in  a  few  years  (2000-2005) 

•New  developments  in  SQUID 
sensors  (Berkeley),  may  also  permit 
CSAMT  systems  at  a  comparable 
time  scale 

•The  RMS  using  HTS  SQUID  might 
find  the  relatively  largest  market, 
after  additional  development  efforts 

•Novel  (electrokinetic)  methods,  pos¬ 
sible  only  with  SQUID,  might  have  a 
large  economic  potential  in  a  more 
distant  future 


cal  Magnetic  Field  Noise  of  Vector  Magnetometer 
During  Field  Trial  Outside  Magnetic  Shielding 


frequency  [Hz] 


S QUIDS,  Axions,  Bugs  and  Hearts 

S  QUIDS  -  a  short  review 

The  axion  detector:  a  new  mode  for-SQUIDs 

The  SQUID  microscope:  magnetotactic  bacteria 

Unshielded  magnetocardiography  with  a 
high-Tc  second-derivative  gradiometer 


Lyon 
16  June  1999 


Low-Noise  rf  Amplifiers 
Based  on  dc  SQUIDs 

(L©yi-Tt) 


Michael  Miick  and  Marc-Olivier  Andre 

Department  of  Physics 
University  of  California,  Berkeley 


In  collaboration  with: 

lost  Gail  and  Christoph  Heiden 
Institut  filr  Angewandte  Physik 
Justus-Liebig  Universitdt  Giefien,  Germany 
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Axions 


The  axion  is  a  candidate  particle  for  dark  matter 

Energy  constrained  to  10'^  - 10'^  eV  (0.24  -  240  GHz) 

In  a  magnetic  field  B©  an  axion  can  convert  into  a 
photon 

In  a  resonant  cavity  of  volume  V  and  quality  factor  Q, 
conversion  rate  c>cBo  VQ 


LLNL/MIT  Axion  Detector 

Cavity  1  m  long,  0.5  m  diameter  :  Tc  ~  1.3  K 

Frequency  range  0.7  -  0.8  GHz 

Output  from  cavity  detected  by  HEMT  amplifier  : 
Ta=-  1.7  K 


System  noise  temperature  Ts  =  Tc  +  Ta  ~  3  K 

Since  integration  time  «=  Ts,  there  is  great  incentive 
to  run  the  detector  at  a  lower  temperature  (say, 

0.3  K)  provided  one  has  a  much  quieter  amplifier 


Conventional  SQUID  design 


Top  View 


Side  View 
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Dielectric 
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\t  high  frequencies,  most  of  the  current  flows  through 
he  parasitic  capacitance  rather  than  the  inductance. 


fhis  reduces  the  gain  substantially. 
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Feedback 


Feedback  from  the  output  of  the  SQUID  to  the 
input  via  the  capacitance  of  the  microstrip. 


Positive  feedback  for 


Gain  (dB) 


Gain  Measurements 


From  generator  To  spectrum 
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I - ilfi 


Attenuator  Attenuator 
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Gain  vs.  Coil  Length 


•  c  =  3x108  ni/s 

•  8r  (Si)  ~  9 

•  K  ~  1.75  arises  from  inductive  loading. 

•  X  ~  9  accounts  for  the  SQUID  inductance  coupled 
into  the  microstrip. 
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Noise  Temperature  Measurements 
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Gain  >  20  dB  for  frequencies  <  1  GHz 
With  cooled  postamplifier  and  T  =  0.4  -  0.5  K: 

Tunable  over  factor  of  2  with  varactor  diode 

Second  SQUID  used  as  postamplifier 

Cooled  to  0.1  K,  SQUID  should  be 

Quantum  Limited  (f  >  1/2  GHz) 
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Magnetotactic  Bacteria 

acteria  MS-1  {Magnetospirillum  magnetotacticum): 


m  ~  10-16  Am2 


lake  bed 


S.  Bahaj,  et.  al.  hHp://wvvvv. soton.ac.uk) 

P.  Blakemore  (1982)  Am.  Rev.  Microbiol.  36,  217-38) 


Experimental  Setup 


Observe  bacteria  in  solution 
Parameters: 

-  shielded  environment  (B  <2x1 0-5  Be) 

-  cell  concentrations:  lO^-lOS  cells/ml 

-  SQUID  ~30|im  away 


bacteria  solution 


X  I _ X  Si 

-30mn;j-  —  squid\ 

40fim  window 

— 500(xm-— 

Measurement: 

motion  of  bacteria  in  solution 

1 

magnetic  flux  fluctuations 

1 

measure  flux  noise  spectral  density:  S<[)(f) 


Dead  Bacteria 


Rotational  Brownian  motion  of  magnetic  dipoles: 

„  ...  2To  To  =  ar/2kBT, 

=>  0^(1 )  ~ - 2 

1  +  (2jtTof)  Or  =  rotational  drag  coeff. 


O  10’^- 
00 

10'^- 


B=100//T 


10'^  10'^  10’'  10®  lo‘  10^ 
Frequency  (Hz) 

Model  bacteria  as  cylinders: 

To  «^^fln--0.662  +  0.92-) 

°  bkgTV  d  U 


or  d  ~  0.7pm  =>  L  «  3.5pm,  AL  «  0.7pm 


In  a  field,  noise  is  reduced  and  "Cq  ^  =  otj./2mB 

=?>  m  =  3.0  X  10“^^  Am^ 

(M.  M.  Tirado,  et  al  (1980)  J.  Chem.  Phys.  73(4),  1986-93) 


Normalized  Flux 


Relaxation  in  a  Field 

p  Turn  off  a  field  &  measure  randomization  time: 

1 


B  - ► 


t=0  t»0 


=>0(t)~e 

To  =ar/2kBT 


Normalized  flux 


Alignment  in  a  Field 

•  Turn  on  a  field  &  measure  alignment  time: 

B 


t=0  t»0 


^  0(t)  ~ 

Tb  =  aj/lmB 


Normalized  S$(a.u.) 


Live  Bacteria 


niversal  features: 

-  high  frequency  peaks:  (1)  ~65Hz,  (2)  ~25Hz 

-  shift  in  low  freq.  knee:  (3)  ~0.  IHz 

-  deviation  from  Lorentzian 


3 


Modeling 

•  Vibration  or  “gyration” 

-  imbalance  in  drag  forces 

-  vibration  at  flagellar  frequency  ~  lOOHz 


•  Precession  or  “wobble” 

-  body  rolls  counter  to  flagellum 

-  body  &  flagellar  axes  not  collinear 

-  precession  at  lower  frequency 


•  Model  vibration  &  precession  as  rotations  of 
dipole  about  two  axes: 


•  In  lab  frame,  measure  peaks  at  fp  and  fv-fp. 


High  Frequency  Behavior 


Model  vibration  &  precession  as  rotations  of 
dipole  about  two  axes: 


rn 

Fit  spectrum  to  Gaussian  distribution  of  frequencies: 
-  (j)v,  (l)p  determined  by  scaling  to  So(f=0) 


1  10  100 
Frequency  (Hz) 


fv=89Hz,  Afv=30Hz,  (j)v=5.5° 
fp=26Hz,  Afp=10Hz,  (t)p=7.0° 


Time  scan  of  single  bacterium 


nterpretation:  orbits  near  surfaces 


I  40/rm 


Amplitude  and  period  consistent 
Sensitivity:  <10-17  Am2  in  IHz  o  one  35nm 
particle  ~15-30//m  away 

D.  Frymier,  et  al  (1995)  Proc.  Natl.  Acad.  Sci  USA  92,  6195-99) 
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MAGNETIC  SENSORS  FOR  NDE 


Table  2:  Magnetic  sensors  for  eddy  CMireat  NDE 


Sensor 

Sensor  Package  Size 
(Sensing  Vohaiie) 

Spatial 

ReaolatioB 

Frequency 

Dqxmdence 

Signal 

Sensitivity 

Cost 

Induction  coils 

SaiaJi 

(1.5ma»4x4aiiB) 

Good 

Signal  X  1/f 

Low  (£’s) 

Hall  Sensors 

Small 

(Immh 

Good 

Good 

Poor 

Low  (£’s) 

Magnciorcsislors 

Medium 

(lOmmh 

Good 

Good 

Medium 

High  (£lk)^ 

Fluxgales 

Medium 

(Imm^  X  15mm) 

Medium 

Good 

Medium 

High  (£  Ik) 

SQUIDs 

High^ 

(Imm^  thin  film) 

Good 

Good 

Good 

High  (£lk)^ 

^MagDC*orcsb*on  are  not  widely  available  oonaaacrcially.  Avhile  the  sensing  area  of  a  HTS 
SQIJD>  is  sauB,  die  size  of  the  cryostat  has  to  he  takes  iaio  account.  '^The  initial  outlay  for 
a  HTS  SQUK)  is  comparable  to  that  of  a  fluxgate.  Liquid  aitrpgen  cryogen  is  inexpensive. 

Why  use  SQUIDs? 

•  flaws  in  airframes  at  depths  ~10-20mm  require  low  noise  at 
f<200Hz  which  only  SQUIDs  posses. 

•  low  noise  can  also  mean  a  much  larger  standoff  compared  to 
other  sensors. 

•  often  the  cost  of  operating  the  SQUID  is  buried. 

But 

A  £40K  SQUID  system  is  not  state  of  the  art  technology.  A 
fluxgate  magnetometer  detection  system  costing  £40K  is. 


[Gencnl  Reference  —  Jenks  ct »!,  “SQUIDs  for  hioadestructive  EvalBJboa”.  Jovnal  of  Physics  D;  Applied  Phys¬ 
ics,  vol.  30,  pp.  293-323,  1997], 
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iTable  1.  Charriical  composition  and  ferrite  content  of 
j  cast  stainless  steels 
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Non-Destructive  Evaluation  (NDE) 
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STR  LJS 

STATIC  FIELD  MAFFING  AND 
MATERIAL  CHARACTERISATION 


A  MILO  STEEL  HATE  WAS  A^triFr.lALLr  '.kACJCEO  bf  THkEE-K^INT  LOADING  ANU 

WAS  SCANNED  fcENEAfH  A  LOV/  fEMHkATUH  SOUID  SENSOJt.  NO  CONTACT  WITH  THE 
STEEL  HATE  WAS  MAl;E  ThE  CXACK  WAS  DETECTED  BT  MEASURING  A^HIED  HELD  DISTOt- 
TIONS  CAUSED  BT  ASSOCIATED  MAGNETIC  BEXMEABILITY  VAXIATIONS. 


THISTECHNIOUT  has  been  HICMLY  successful  fox  T-XEDICTING  possible  CtACK  SITES. 
EVEN  THROUGH  A  THICK  LAYEk  OF  NOM-MACNETIC  MATEXIAL. 


Non-Destructive  Evaluation  (NDE) 
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CURRENT  FLOW  <->  MACiNETIC  FIELD 
TRANSFORMATIONS 


Starting  with  ths  siot-Savart  iaw; 


-  -  4ti:J  I-  -'|3 


r-r 


£XTRA\CrnNG  THE  VERTICAL  COMROMEMT  AND  EXPRESSING  IN  TERMS  OF  GREEN'S  FUNC¬ 


TIONS  GIVES! 


The  two  Green's  FUMaioNs  are! 


{x,  y,  z) 


\iQdz 


4% 


3/2 

l{x+y+z) 


AND 


G(x,y\z)  = 


[iQdz 

4n 


y 


3/2 

L(;c+/+z") 


Traxnsforming  into  frequency  space  and  applying  the  law  of  continuity,  gives 

A  SIMPLE  TRANSFORM  BETWEEN  CURRENT  DENSITY  AND  MAGNETIC  FIELD: 

r  f  j  t  \  -^0^  ^  -kZ'  (1  1  \ 


2  k 


3Y  rearrangement  the  inverse  is  given  BY: 


AN  £XAM?ll  OF  MAGNHIC  f IRD  TO  CU^NT 
FLOW  TRANSFORMATIONS 


A  MINTED  CUCUIT  EOAM)  IN  THE  SHA>E  Of  AN  SU  WITH  A  SMAU  CUUENT  ROWINO  IN 
IT,  WAS  SCANNED  JENEATH  A  LOW  TEMfElAPJiE  SQUID  SEN304,  FXODUCINO  A  MAG- 
NHIC  FIELD  MAf  AS  SHOWN  lELOW: 


J 


Longitudinal  distance/mm  178 

By  using  THE  ALGOWTHM  DESOUaED  AaOVf  THE  CUMENT  DENSITY  WAS  CALCUUTED 
FROM  THE  Z  COMK)NENT  Of  THE  MAGNETIC  FIELD: 


Longitudinal  distance/mm  178 


Variations  in  ?ca  track  wiryrH  and  the  solder  fags  can  easily  a  resolved. 


SrR  «TS 


Experimental  procedure  [| 

Many  AC  techniques  generate  single  frequency  ID  or  2D  scans  I 

of  a  specimen.  In  contrast,  we  make  measurements  over  a  range  | 

of  frequencies:  | 

i 

s 

•  s(f)  at  a  signal  position,  near  the  slot.  I 

I 

•  r(f)  at  a  reference  position,  above  a  plain  piece  of  plate,  far  | 

from  the  slot.  | 

I 

Then  we  normalise,  calculating  s(f)/r(f),  which  contains  depth  I 

information  via  the  skin  effect.  I 


I  Slot  depth  =  skin  depth 
i  at  333  Hz. 


Figure  3:  a  typical  experimental  result,  for  a  subsurface  slot  6.5  mm  deep. 


NDE  WITH  ITS  SQUID  GRADIOMETERS 


Uses  same  scanning  system  and  electronics,  but  the  requirement 
of  a  LHe  cryostat  imposes  an  additional  standoff  between  the 
sensor  and  the  sample.  (Varying  the  coil  to  sample  liftoff  is 
much  more  critical). 


Electronic  gradiometer 
with  double-D  coil 


LTS  integrated 
gradiometer  with 
spiral  coil 


Piece  of  paper  acting  as 
electrical  insulator 


Slits  in  upper  surface  of  lower  plate 


Additional  3.2mm 
thick  aluminium  sheet 
covering  slits 


•  LTS  Gradiometers  are  overly  sensitive  for  NDE  purposes. 

•  rf  or  magnetic  shielding  is  often  required  for  operation  in  a 
magnetically  hostile  environment. 

•  The  design  and  application  of  higher  order  asymmetric  gradi¬ 
ometers  may  have  some  future  in  very  specialised  areas. 


SUPERCONDUCTING  TECHNOLOGY 
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Section  2.I.1.B).  The  concentration  and  charge  gradients  force  Na"^  into  the  cell  and 
if  the 


Figure  2.7  Post-synaptic  synapse.  Neurotransmitters  are  released  into  the  synaptic  cleft  and 
recombine  with  the  post-synaptic  membrane.  The  recombination  of  excitatory 
neuTotransmitters,  force  a  change  in  the  permeability  of  the  membrane  to  Na"  ions 
which  initiates  depolarisation.  (Gaudin  and  Jones,  1989). 

threshold  potential  is  reached  an  action  potential  is  initiated  in  the  post-synaptic 
neurone.  The  action  potential  can  now  propagate  along  this  new  neurone.  The  current 
distribution  of  a  post-synaptic  potential  is  like  that  of  a  single  current  dipole.  The 
measured  biomagnetic  signal  is  not  of  one  axon  synapsing  with  another  but  is  the 
sum  of  the  magnetic  field  from  many  synapses  in  the  nerve  bundle. 

The  post-synaptic  potential  always  occurs  at  the  s5mapse  at  the  same  time  for 
a  given  nerve  and  stimulus  site.  The  recordings  taken  from  the  spinal  cord  and  cortex 
in  Chapter  6  and  7  are  of  the  magnetic  fields  induced  by  post-synaptic  potential 
currents  of  several  hundred  neurones.  Stimulation  of  the  median  nerve  at  the  wrist, 
causes  propagation  of  an  action  potential  along  the  nerve  bundle  to  the  post-synaptic 
neurones  in  the  dorsal  horn  in  the  spinal  cord,  14ms  after  the  stimulation.  The  signal 
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MULTILAYER  SPECIMENS 


Realistic  aircraft  lap-joint  structures  may  have  flaws 
beside  fasteners  in  the  first,  second  or  even  third  layers,  ie  flaws 
hidden  below  6mm  of  aluminium.  The  lack  of  any 


sealant  between  the  layers  makes  ultrasonic  testing  unsuitable. 


<— Cross  section  of  airframe 


magnetometer  measuring 
horizontal  field  component 


Eddy  currents  induced  in  the  sample  using  a  spiral  coil  located 
on  the  cryostat  tail.  IcQji~0.5A,  4Qji=62QHz.  The  HTS  SQUID 
magnetometer  is  scanned  across  the  sample  at  v~3mms‘^  and 
takes  60mins  to  collect  the  data. 


AT 


I  ? 


The  flaw  signal  is  superimposed  onto  the  rivet  signal 
and  identical  unflawed  rivets  do  not  have  identical  signatures 
due  to  the  nature  of  the  contact  between  the  rivet  and  the  plate. 


Deeper  flaws  ->  lower  excitation  freqftiency 
Reducing  the  frequency  to  170Hz  increases 
the  flaw  signal  at  rivet  2.  Use  digital  signal 
subtraction  to  remove  the  rivet  signal  from 


the  image. 


I70Hz 


SUPERCONDUCTING  TECHNOLOGY 


FLUXGATES  vs  SQUIDS 

Both  sensors  were  used  to  map  the  features  of  the 
lap-joint  sample,  starting  with  the  top  layer. 


»  >»  '* 

W  ' 


..C® 


HTS  SQtJID 


Two-dimensional  cross-correlation  of  the  final  im¬ 
age  with  an  “ideal,  unflawed  fastener”  can  be  used 
to  isolate  the  flaw  signal.  For  the  SQUID  image: 


Average  of  2&4  Rivet  1  -Average  Rivet  3  -  Average  Rivet  5  -  Average 
(both  unflawed)  pk-pk  90  pk-pk  67  pk-pk  25 


In  the  above  example,  a  moderately  low  noise  HTS 
SQUID  performs  better  than  a  fluxgate  in  terms  of 
spatial  and  signal  resolution. 

Removal  of  the  rivet  signal  can  also  be  performed 
using  orthogonal  induction  of  the  eddy  c^rr-en^T 


UNIVERSITY  OF  STRATHCLYDE 


Flux  noise  (Oo/VHz) 


Second  generation  gradiometers 
Aimed  at  ultra  low-noise  applications: 

Fabricate  gradiometer  on  large  substrate  30  x  10mm^  ->  baseline  is  14mm. 
Improve  inductance  matching  between  gradiometer  loop  and  SQUID 
Use  novel  coupling  scheme  where  two  SQUIDs  are  connected  to  gradiometer 
loops  to  compensate  for  parasitic  effective  area. 


10mm 


Gradiometer  operates  well  unshielded 


Gradiometer 


1  10 

Ftw^jency  (Hi) 


.Forschungszentrum  Julich _ 


4)  Mobile  Cryostat  with  SQUID 
and  Scanmaster  moving 


quadrature  signal  in-phase  signal 


Forschungszentrum  Julich. 


Aircraft  Wheel  Testing 

rf-Gradiometer,  f  =  215  Hz,  I  =  200  mA 
trace  with  65  %  crack  and  25  %  crack 


25% 


65% 


180 


270 


65% 


25% 


_ Forschungszentrum  Juiich _ 

Orthogonal  Excitation  with 
Planar  Gradiometer  and  Sheet 


Inducer 


50  100  150 


50  100  150 


t  Signal  i  integrated  along  gradiometer  baseline 


aluminum  plate 
(250x250x4mm^) 
with  12.5mm  slot 
and  12.5  mm  hole 


Sheet  inducer.with  planar  rf  gradiometer 
Excitation  current:  5  mA  @  500  Hz 


>rear.3»«« 


a)  Multi-D  coil 


Setup  with 
PrinniniR  ri 


Fig,  6:  MULTI-D  COIL  AND  SHEET  INDUCER 
WITH  SQUID  SETUP 


aluminum  plate  (250x250x4mm^) 
with  12.5mm  slot  and  12.5  mm  hole 


10*.  oa>9« 


Forschungszerhtruim  JQIich 


Orthogonal  Excitation  with 
Planar  Gradiometer  and  Muiti-D  Coil 
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aluminum  plate 

Multi-D  coil  with  planar  gradiometer 


Excitation  current:  1  mA  (5)  500  Hz 


with  12.5mm  stot 
and  12.5  mm  hole 
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